The adsorption of HgCl 2 , [HgCl 4 ] 2and Hg 2+ onto a series of activated carbon fibres was studied. These included the as-received commercial activated carbon fibre (K), that obtained after modification via by sulphuric acid oxidation (K AC ) and that obtained after modification by reaction with pentaethylenehexamine (K BAS ). The effects of concentration (10-1500 mg/l), solution pH (1-10) and temperature (25°C, 35°C and 45°C) were studied. The mercury(II) adsorption isotherms followed the Langmuir model with maximum adsorption capacities of 361.0, 142.2 and 300.3 mg/g for HgCl 2 , [HgCl 4 ] 2and Hg 2+ , respectively. Fibre K proved to have the highest adsorption capacity towards HgCl 2 but the best results for the adsorption of [HgCl 4 ] 2and Hg 2+ were obtained with the fibre K AC . The performance of fibre K BAS was always worse than those of the other two fibres tested. The negative values obtained for ∆H 0 and ∆G 0 indicate that the adsorption was an exothermic and spontaneous process and also demonstrated that the adsorption of Hg(II) is a feasible process.
INTRODUCTION
Heavy metals are very toxic towards living organisms, even if only present in low concentration. This arises from their enormous potential to accumulate in the environment and in the food chain. The presence of such elements can profoundly disrupt biological processes. Mercury and its compounds act as dangerous and insidious poisons, with the possibility of adsorption not only through the gastrointestinal tract but also through the skin and lungs (Bidstrup 1964) . After adsorption, mercury circulates in the blood and is stored in the liver, kidneys, brain, spleen and bone, thereby leading to several health problems such as paralysis, serious intestinal and urinary complications, dysfunction of the central nervous system and, in more severe cases of intoxication, death. The soluble compounds of mercury are particularly toxic because their adsorption is very fast. Ingesting a dose of less than 0.5 g can prove to be fatal. The extremely high toxicity of mercury and the accompanying serious health and ecological problems are very well known since the Minamata Bay (Japan) accident in 1956.
Mercury is included in the list of priority pollutants by all environmental agencies worldwide. In the United States of America, the permitted discharge limit of wastewater for total mercury is 10 µg/l and the limit for drinking water is 2 µg/l (Nam et al. 2003; USEPA 2001) . On the other hand, in Japan the established values are much more restrictive with corresponding limits of 5 µg/l and 0.5 µg/l, respectively (Takahashi et al. 2001) . The World Health Organization (WHO) recommends a maximum uptake of 0.3 mg per week and 1 µg/l as the maximum acceptable concentration of mercury in drinking water (Foster and Wase 1997) .
The increasing necessity for the reduction of mercury discharges and the removal of the metal ion from wastewaters before the transport and re-cycling of the latter into the environment requires the need for research and development of better methodologies that can provide effective and total mercury removal from liquid and gas effluents. In general, the currently available technologies include sulphide precipitation, ion exchange, alum and iron coagulation, electrodeposition and activated carbon adsorption. The last method can be considered a cost-effective method and seems to have an advantage over the others thanks to the higher removal efficiency and the flexibility of the industrial unit operation (Ebadian 2001; USEPA 1997) . Most of the other methods mentioned either require high energy needs and/or large quantities of chemicals, the latter producing stockpiles of mercury-laden process sludge and also the need to be combined with other operations such as pH adjustment or solid separation.
Mercury adsorption on carbon materials depends on a complex set of factors related to physical adsorption processes. These are determined by the porosity of the adsorbent and the size of the adsorptive molecules, and also by the requirement for both electrostatic and dispersive interactions to take place, either in conjunction or separately (Radovic et al. 2000) . Specific interactions with surface groups are also possible, leading to the formation of complexes (Goel et al. 2005; Yardim et al. 2003; Kadirvelu et al. 2004a,b) . The most relevant factors affecting the adsorption of inorganic species are those which depend on the surface chemistry of the carbon material and the mercury species to be adsorbed. In turn, these two features depend on the solution pH and also, in our case, on the solution pCl (Carrott et al. 1998; Valente Nabais et al. 2006) .
The adsorption mechanisms are not as yet fully understood and more research in the area is still needed to increase the knowledge about the relevant factors in Hg(II) adsorption onto carbon materials. Also, the development of better materials is still required. These were the main motivations behind the work now reported.
EXPERIMENTAL

Materials and carbon fibre surface treatments
A commercial activated carbon fibre from Kynol ® (designated as K), produced by physical activation directly from the Kynol Novoloid ® fibre made by the polymerisation of phenol and formaldehyde, was employed. The commercial fibre was modified by two methods. In the first method, oxidation of the fibre with sulphuric acid was achieved by stirring 3 g of fibre K with 150 ml of concentrated p.a. grade acid (> 95% pure) at room temperature. The fibre was removed and washed with distilled water until the wash water attained the same pH value as the distilled water employed in the wash. The washed fibre was oven-dried at 105°C for 24 h, the resultant fibre being designated as K AC . In the second method, 3 g of activated carbon fibre K was oxidised in 150 ml of 70% p.a. grade nitric acid (65% pure) at room temperature over a period of 90 min. The oxidised fibre was washed with distilled water until the pH of the effluent wash water reached the same pH value as the distilled water employed. The fibre was then oven-dried at 105°C for 24 h.
The dry fibre was allowed to react with a solution of pentaethylenehexamine (PEHA) prepared by adding 13.35 ml of PEHA (reagent grade) to 66.75 ml of distilled water. This reaction was conducted by stirring the suspension at room temperature for 3 h. Subsequent to reaction, the fibre specimens were removed and washed with distilled water until long after the wash water had attained the same pH value as the distilled water employed in the wash. The washed fibre was oven-dried at 105°C for 24 h. The resultant fibre was designated as K BAS .
Adsorption studies of Hg(II) species
An adsorbate stock solution containing 1500 mg/l Hg(II) was prepared from HgCl 2 (p.a. grade from Riedel-de-Haën). This solution was diluted to obtain the necessary concentrations for adsorption experiments.
Two suspensions containing 1 g of fibre K and 500 ml of 10 mg/l or 30 mg/l Hg(II) solution were prepared and used for evaluating the adsorption kinetics. The suspensions were placed in a shaking thermostat bath at 25°C and the residual Hg(II) concentration determined by removing 5 ml of solution at prescribed time intervals ranging between 30 min and 48 h.
Batch adsorption experiments were carried out in a series of Erlenmeyer flasks of 100 ml capacity covered with Teflon sheets inserted into a shaking thermostat bath for 24 h. Each flask contained 0.1 g of fibres and 50 ml of an appropriate Hg(II) solution. The effects of concentration (10-1500 mg/l), solution pH (1-10) and temperature (25°C, 35°C and 45°C) were studied.
Three different Hg(II) species were studied by controlling the chloride concentration at pCl = 0 for [HgCl 4 ] 2-, pCl = 4 for HgCl 2 and pCl = 7 for Hg 2+ . In the later case, the stock solution was prepared from Hg(NO 3 ) 2 • H 2 O (p.a. grade from Ridel-de-Haën). Further details are given in Tables 1 and 2 and in Section 3.1.
Determination of the Hg(II) concentration
The total concentration of Hg(II) was determined by ultraviolet spectrophotometry from the absorbance arising from the tetrachloromercury(II) complex at 230 nm. The procedure involved adjusting the pCl to zero prior to the absorbance determination in order to transform all the Hg(II) present into the corresponding complex. Measurement details have been given previously (Carrott et al. 1998 ).
Physical and chemical characterisation of the materials
Nitrogen adsorption isotherms at -196°C were determined using a CE Instruments Sorptomatic 1990 after outgassing the samples at 400°C to a residual vacuum of 5 × 10 -6 mbar. It should be noted that these outgassing conditions had no effect on the composition of the samples, as indicated by the results of thermogravimetric analysis (not given here). Elemental analysis of carbon, hydrogen, sulphur, nitrogen and oxygen was carried out using an Eurovector EuroEA elemental analyser. FT-IR spectra were recorded with a PerkinElmer model Paragon 1000PC spectrophotometer, using the KBr disc method, a resolution of 4 cm -1 and 100 scans. The concentration of surface acid and basic sites on the materials, C HA and C B , were determined by equilibration over a period of 24 h with 0.01 M NaOH or 0.01 M HNO 3 (0.15 g of fibre in 30 ml of solution) and determining the excess by back-titration. The point of zero charge (pzc) values were determined by mass titration and the ash content was determined using the ASTM D2866-94 procedure.
RESULTS AND DISCUSSION
Characterisation of Hg(II) species
The predominance diagram for the Hg(II) species present under the experimental conditions employed is shown in Figure 1 . This diagram was produced using MEDUSA ® software -which is considered freeware and can be easily downloaded from the internet -employing the equilibrium constants and other relevant information reported by Butler (1964) and Powell et al. (2005) . This diagram shows that it is possible to control the solution composition by varying the pH and, in particular, the pCl values. Table 1 lists the effect of concentration and temperature on the adsorption process, together with the mercury species present as obtained from the speciation diagrams (not shown here) at the working pCl and pH values. It is seen that it is possible to control the solution in order to ensure that positive, neutral or negative species, i.e. Hg 2+ , HgCl 2 or [HgCl 4 ] 2-, respectively, predominate.
It should be noted that the diagram depicted in Figure 1 only considers the aqueous Hg(II) species and their homogeneous equilibria. However, the equilibria are modified when activated carbon fibres (ACFs) are present. In particular, the solubility equilibrium is modified because the solubility of Hg(II) oxide or hydroxide increases as a consequence of mercury adsorption by the ACF. This causes the diagonal line in the diagram which indicates the start of precipitation to move to the right. From the data in Figure 1 , it may be concluded that the predicted species predominant in the system at the pH values used in the present study were those listed in Table 2 . However, the precipitation limits must only be considered as an approximation because the presence of any type of precipitate was not observed, probably because of the increased solubility by the presence of the ACF already referred to and/or the adsorption of colloidal precipitate particles by the surface and pores of the ACF. 
Characterisation of the activated carbon fibres
The chemical characteristics of the ACFs are given in Table 3 . Treatment of the surface changed its properties to produce one less acidic ACF (K BAS ) and one more acidic sample (K AC ) with points of zero charge (pzc) values of 6.10 and 4.44, respectively. Also, the K BAS sample had a slightly higher value for the acid surface group concentration (C HA ) due to the initial nitric acid oxidation prior to treatment with PEHA. However, the basic surface functional group concentration (C B ) did not increase as much as expected. On the other hand, the C B value decreased for sample K AC as expected from the oxidation carried out on sample K. However, the C B value for sample K BAS must be considered as being approximate. The increased positive charge repulsion occurring when progressive protonation of adjacent amino groups occurred in this sample could have introduced an error, as stated by Pittman et al. (1997) .
The ash content decreased with the surface treatment, probably because the acid treatment performed in both cases led to the removal of part of the inorganic material from the ACF. The K BAS fibre showed an increased oxygen and nitrogen content as a consequence of this treatment. In contrast, the K AC sample showed a similar elemental composition to the K fibre. These facts indicate that PEHA treatment was much more efficient than sulphuric acid oxidation in transforming the surface chemistry of the pristine ACF. The FT-IR spectra of the ACFs and the principal spectral changes observed are shown in Figure 2 . From these, it is possible to identify the presence of ketones and aldehydes in the K fibre due to the C=O stretching vibration mode (ν) at ca. 1716 cm -1 and ν(C-H) at 2855 and 2924 cm -1 (aldehydes), respectively. Other functional groups also present were quinones [1455 and 1649 cm -1 , ν(C=C) + ν(C=O)], phenols and hydroxides [3899-3646 cm -1 , ν(O-H); 1106 cm -1 , ν(C-O)] and a small amount of carboxylic acids [3646 cm -1 , ν(O-H); 1690 cm -1 , ν(C=O)].
The principal chemical modification observed in the FT-IR spectrum for sample K AC was the creation of some new bands at 874, 656 and 1197 cm -1 , respectively, related to the introduction of sulphur functional groups, viz. C-S and SO 2 . These bands had a modest intensity which indicated the formation of a relatively small amount of functional groups; thus, the amount of sulphur introduced was lower than the limit of detection by elemental analysis. The same behaviour has also been reported by Manchón-Vizuete et al. (2005) . Oxidation by sulphuric acid also created more carboxylic acid groups, as indicated by the intensity increase of the corresponding absorption bands.
The procedure undertaken to produce K BAS led to the formation of new bands that may be attributed to amide and amine groups. This is in accord with the reaction scheme already reported for the treatment of carbon fibres with tetraethylenepentamine (TEPA) (Pittman et al. 1997a,b) . The new bands formed were those at 3417 cm -1 attributed to N-H bonds, at 1420 cm -1 attributable to ν(C-N) and at 798 cm -1 associated with N-H bond wagging. In addition, the band at 1643 cm -1 exhibited an intensity increase which may be due to the formation of NH 2 groups.
The nitrogen adsorption isotherms measured at -196°C (not shown here) could be classified as type I according to the IUPAC definitions (Rouquerol et al. 1994) , indicating that the materials were all microporous in nature. The results of isotherm analyses conducted using the Brunauer-Emmett-Teller (BET) method and the α S and Dubinin-Radushkevich (DR) methods are listed in Table 4 . All the ACFs studied had small external areas and mainly contained primary micropores, as indicated by the similar values for V 0 and V S . Oxidation by sulphuric acid did not change the porosity of the Kynol fibre significantly, as only a small increase in the apparent BET surface area and the micropore volume was observed. On the other hand, the K BAS sample exhibited a noteworthy porosity modification with a decrease of 40% in the BET surface and of 30% in the micropore volume relative to the corresponding values exhibited by the pristine fibre K. This behaviour may be due to the formation of new functional groups (as already shown) capable of blocking part of the pore entrances via steric and chemical effects. Figure 3 shows the extent of Hg(II) adsorption onto fibre K as function of contact time. A sharp increase in the amount of Hg(II) adsorbed may be observed for contact times less than 4-5 h.
Adsorption kinetics
Adsorption of Aqueous Mercury(II) Species by Commercial Activated Carbon Fibres 205 A S = apparent BET surface area; V S = pore volume as given by the α S -method; A ext = external area as given by the α S -method; V 0 = micropore volume as given by the Dubinin-Radushkevich (DR) method; E 0 = characteristic energy as given by the DR method. Equilibrium was attained after a contact time of 8 h, with equilibration for longer times giving virtually the same uptake. For this reason and due to other practical aspects, the contact time was fixed at 24 h for subsequent batch experiments. The Lagergren first-order rate equation was applied to the data in the form:
(1)
where q and q e are the amounts of Hg(II) adsorbed (mg/g) at time t and at equilibrium, respectively, and K ads is the adsorption rate constant (min -1 ). Plots of log(q e -q) versus time for solutions containing initial Hg(II) concentrations of 10 ppm or 30 ppm were linear with correlation coefficients, r 2 , equal to 0.989 and 0.986, respectively, thereby confirming the applicability of equation (1) to the experimental data. From the slopes of the plots, the values of K ads were found to be 2.13 × 10 -2 and 1.92 × 10 -2 min -1 , respectively, for 10 ppm and 30 ppm initial Hg(II) concentrations. The K ads values obtained were higher than those reported for Hg(II) removal using adsorbents prepared from rubber tyre wastes (Manchón-Vizuete et al. 2005) , organic sewage sludge (Zhang et al. 2005) and fertiliser waste (Mohan et al. 2001 ). On the other hand, the kinetic data for the samples studied here indicated slower processes that those cited in other reports where Hg(II) adsorption was tested in carbon materials prepared from coirpith (Namasivayam and Kadirvelu 1999), furfural (Yardin et al. 2003) and the aquatic plant Eichhornia crassipes (Kadirvelu and Kanmani et al. 2004 ). However, the adsorption rate constants determined for the ACFs used by us are very similar to the values reported by Kadirvelu et al. (2004b) . The results were analysed using the Langmuir and Freundlich isotherms in their linear forms as given by equations (2) and (3), respectively:
Adsorption equilibrium isotherms
(2) log q e = log K f + 1/n log C e
where C e is the equilibrium concentration and Q 0 , K f , n and b are characteristic constants. Typically, n and b are related to the enthalpy and intensity of adsorption and Q 0 is associated with the maximum adsorption capacity. The quantity K f is the amount adsorbed at C e = 1 ppm, since ppm were the units employed for C e in the present work. The characteristic constants listed in Table 5 were calculated from the best-fit lines to the experimental data. As the isotherms depicted in Figures 4-6 were almost linear at very low concentrations, the values of K f gave the initial isotherm slopes and were dependent on both the adsorption intensity and the adsorption capacity (Carrott et al. 2005) .
The data presented in Table 5 showed a better fit to the Langmuir model rather than the Freundlich model, as can be concluded from the curve-fitting correlation coefficient values. The maximum values obtained for Q 0 of 361.0, 142.2 and 300.3 mg/g for HgCl 2 , [HgCl 4 ] 2and Hg 2+ , respectively, in the present study compare favourable with the majority of published studies relating to the adsorption of Hg(II) from the aqueous phase using several types of activated carbons. Examples of the reported values for Q 0 are 28.4 mg/g (Kadirvelu et al. 2004a ), 362.2 mg/g (Mohan et al. 2001) , 60 mg/g (Kadirvelu et al. 2004b ), 174 mg/g (Enkinci et al. 2002) and 154 mg/g (Namasivayam and Kadirvelu 1999) . Nevertheless, the above comparison must be considered only as an approximation because in some cases neither the predominance nor the speciation diagram were shown in the published papers nor did they refer to which Hg(II) species were present in aqueous solution nor the degree of ionisation of the surface functional groups. Again, in some other cases, the experimental conditions were somewhat different from ours, which can lead to misleading comparisons.
The Hg(II) species most extensively adsorbed by all of the ACFs was neutral HgCl 2 while [HgCl 4 ] 2was the Hg(II) form least removed from the aqueous solutions. Again considering the Q 0 values and focusing attention on the comparative performance of the three ACFs towards the removal of Hg(II), the data listed in Table 5 show that fibre K was the best for the adsorption of HgCl 2 , but that fibre K AC gave the best performance if the mercury species was [HgCl 4 ] 2or Hg 2+ . Fibre K BAS always displayed a worse performance than the other two fibres, probably due to its smaller micropore volume and apparent surface area and also because it had the least favourable chemistry towards the adsorption of Hg(II) species. According to the HSAB theory (Pearson 1988), nitrogen can be considered to be a hard base and mercury a soft acid, thereby leading to weaker interactions between the two. According to the same theory, neutral molecules are softer acids than the corresponding metallic cations and as a consequence are more attracted to soft bases. Full interpretation of the data is a difficult task due to the complexity of the system associated with the variables present. These include the surface chemistry of the ACF, determined by the functional groups present and their degree of ionisation, the solution chemistry of Hg(II) and the textural properties of the ACF. Despite this complexity, an attempt is made below to interpret the results obtained in the present study in order to advance some tentative hypotheses about the main adsorption mechanism involved in each case. For such an analysis, it is relevant to consider the net surface charge of the ACF as listed in Table 6 , where other relevant data are also recorded.
The uptake of HgCl 2 was greater in all cases than for the charged Hg(II) species, since adsorption of the latter always occurred when the surface charge had the same electrical sign as the predominant solution species. This latter situation could be detrimental towards Hg(II) adsorption due to the possible effect of electrostatic repulsion, which is not relevant in the case of HgCl 2 adsorption. The adsorption of HgCl 2 is mainly ruled by van der Waals interactions between the Hg(II) species and the ACF and also by some possible chemical interaction with the surface functional groups.
The fibres K and K AC had very similar porous characteristics but some differences in surface chemistry such as surface groups, pzc and C B , as can be seen from the data in Tables 5 and 6 . Despite the very similar textural characteristics (shown in Table 4 ), the Hg(II) uptake by K and K AC was very different. This fact indicates that porosity was not a critical factor provided the Hg(II) species was capable of reaching the adsorptive sites, which was not the case for K BAS .
Comparison of the uptake of [HgCl 4 ] 2and Hg 2+ by K and K AC shows that the values for the latter fibre were higher, probably due to the influence of the sulphur groups present (as detected by FT-IR spectroscopy) which have a chemical affinity for Hg(II) (Pearson 1988; Valente Nabais et al. 2006 ). Since the surface charge density increases with the difference between the pzc and solution pH, the sample with greatest adverse charge density towards the adsorption of [HgCl 4 ] 2was K AC , i.e. precisely that exhibiting the greatest uptake. This suggests that, in this case, the attractive interactions mentioned above between the sulphur groups and the Hg(II) species had a greater influence on adsorption than the electrostatic repulsion. On the other hand, somewhat different behaviour is observed if the results obtained for Hg 2+ uptake are compared. In this case, the fibre with the higher charge density also exhibited the smaller Q 0 value. This fact indicates that the adsorption of Hg 2+ and [HgCl 4 ] 2followed different adsorption mechanisms.
In some cases where the net surface charge can cause an electrostatic repulsion effect -as in the adsorption of Hg 2+ onto K AC , for example -a good value for the Hg(II) uptake is possible. This may be due to the formation of an electrical double layer around the ACF particles which is capable of alleviating any possible adverse effect on the adsorption process, as has been reported by other authors (Radovic et al. 2000; Duan et al. 2002; López-Ramón et al. 2002; Puziy et al. 2001) . In this respect, the very popular theory in colloidal sciences, viz. the DLVO theory, may be invoked. This predicts the possibility that dispersive attractive interactions can overcome electrostatic repulsive interactions and control colloidal systems of charged solid particles (Radovic et al. 2000) .
Effect of pH on adsorption
The removal of Hg(II) as a function of the solution pH is depicted in Figures 7 to 9 . It can be seen that the adsorption of Hg(II) at pH values less than 3 was very low in all cases The adsorption of [HgCl 4 ] 2-(shown in Figure 7) was independent of the net surface charge, since a plateau occurred between pH values of 3 and 10 in the corresponding plots for all the ACFs. Over this pH range, the surface charges on all the ACFs changed from positive to negative for pH values below and above the pzc, respectively (see data given in Table 6 ). Hence, in this case, it may be concluded that electrostatic interactions were not significantly involved in the adsorption mechanism; if this were not so, an adsorption decrease would have been observed when the solution pH exceeded the pzc values of the ACFs. The increase in Hg(II) removal observed at pH > 10 may have been due to the formation of precipitates, as revealed by the data recorded for solution C2 in Table 2. In contrast, the possible formation of Hg(OH) 2 and/or HgO at pH 3 did not influence the adsorption of Hg 2+ (shown in Figure 8 ) as indicated for solution A2 in Table 2 . It must also be remembered that the formation of these species probably only commenced at higher pH values due to the influence of Hg(II) adsorption on the ACFs. Depending on the fibre employed, the solution pH influenced the adsorption of Hg 2+ in different ways. For fibre K, plateau formation occurred for pH values between ca. 2.5 and 5.5, followed by an increase in adsorption at pH values greater than 5.5. This latter behaviour may be due to the inversion of the surface charge on the ACF from positive to negative. Such an effect was not observed with the other two ACFs, where the net surface charge had no influence on the removal of Hg(II). For K BAS , such removal showed an initial increase for pH values less than 4.5 and a decrease after reaching a maximum. The maximum for fibre K AC occurred at pH 3. The range of pH values employed in this work (1-6) led to the surface functional groups acquiring several degrees of ionisation which depended on the solution pH and on the groups present. FT-IR spectral analysis also showed that it was possible for different ACFs to have different surface chemistries, thereby explaining the different behaviours observed for the ACFs studied. Ionisation of the functional groups had a much greater influence on the adsorption of Hg 2+ than on any of the other Hg(II) species studied. Figure 9 depicts the variation in removal percentage versus solution pH for the neutral species HgCl 2 . This demonstrates that desorption of this species was not dependent on the solution pH nor influenced by possible precipitate formation at pH values of ca. 5 (see data for solution B2 listed in Table 2 ). The influence of pH on the removal of Hg(II) from aqueous solution was similar to that reported in other studies, even for those cases where the carbon materials employed were very different from those used in the present study. Thus, studies involving the removal of HgCl 2 from activated carbon obtained from furfural (Yardim et al. 2003) , biomass (Enkinci et al. 2002) and coirpith (Namasivayam and Kadirvelu 1999) reported a removal increase in the pH range from 2 to 5 and plateau formation at pH values higher than 5. The same trend was observed by Zhang et al. (2005) for the removal of Hg 2+ adsorbed onto activated carbon derived from organic sewage sludge and by Krishnan and Anirudhan (2002) for the removal of Hg(II) adsorbed onto sulphurised activated carbons prepared from bagasse pith. This unique behaviour shown by such different activated carbons with somewhat different mercury species suggests that the small adsorption capacity observed in all cases for pH values less than 3 can only be due to some particular aspect of the aqueous solution chemistry of Hg(II) and/or some change in the activated carbon surfaces that makes the adsorption sites inaccessible to mercury species. There appears to be no reasonable explanation for this fact in the literature, suggesting the need for further research on this particular issue.
Effect of temperature on adsorption
The adsorption thermodynamic parameters, viz. the changes in free energy (∆G 0 ), enthalpy (∆H 0 ) and entropy (∆S 0 ), were evaluated using equations (4) and (5):
where R is the universal gas constant [8.314 J/(mol K)], T is the temperature (K) and n is the Freundlich constant. The latter is related to the enthalpy and intensity of the adsorption process (Mohan et al. 2001 ) and may be determined from an application of the Freundlich equation to the adsorption isotherms at 25°C, 35°C and 45°C (not shown here). Values of ∆H 0 and ∆S 0 were obtained from the slope and intercept of the van't Hoff plot of ln(n) versus 1/T shown in Figure 10 . All the calculated values are listed in Table 7 . The methodology employed makes the assumption that the adsorption enthalpy is dependent on the degree of surface coverage and increases logarithmically with increasing coverage. The negative values obtained for ∆H 0 and ∆G 0 indicate that the adsorption process was respectively exothermic and spontaneous, and also point out that Hg(II) adsorption process was feasible. On the other hand, the negative value for ∆S 0 corresponds to a decrease in the number of degrees of freedom for the adsorbed species.
The thermodynamic data listed in Table 7 indicate that two types of behaviour occurred in the adsorption of Hg(II) species onto fibre K. On the one hand, [HgCl 4 ] 2and HgCl 2 possessed similar values for ∆G 0 , ∆H 0 and ∆S 0 whilst, on the other hand, the adsorption of Hg 2+ exhibited higher values for all these parameters. These differences suggest a dissimilar adsorption mechanism from aqueous solution for the various Hg(II) species, with the adsorption of Hg 2+ involving stronger interactions between the ACF surface and the mercury species in aqueous solution. This suggestion is supported by the data listed in Table 5 , where the values of the Freundlich constant n and the Langmuir constant b were always higher for Hg 2+ relative to HgCl 2 and [HgCl 4 ] 2-. The higher value of K f for the adsorption of the Hg 2+ species also provides additional confirmation. Since K f is the equilibrium adsorption concentration (C e ) achieved at an initial Hg(II) concentration of 1 ppm, it provides an estimate of the initial slope of the isotherm and is therefore also dependent on the adsorption affinity. The values of the main thermodynamic characteristics for the adsorption processes studied in the present work are similar to those already reported for other studies. Thus, Mohan et al. (2001) , for example, gave values of -16 kJ/mol, -23 kJ/mol and -20 kJ/(mol K) for ∆G 0 , ∆H 0 and ∆S 0 , respectively, while Pulido-Novicio et al. (2001) reported values of -22 kJ/mol and -19 kJ/mol for ∆G 0 and ∆H 0 , respectively.
CONCLUSIONS
The adsorption of Hg(II) onto the activated carbon fibres studied may be considered to be a spontaneous and exothermic process, as indicated by the negative values obtained for ∆H 0 and ∆G 0 . The relatively small ∆H 0 values also point towards an adsorption mechanism where the most probable relevant interactions are van der Waals and dispersive forces. In fact, although the adsorption of Hg 2+ and [HgCl 4 ] 2apparently proceeded by different adsorption mechanisms, it was possible to conclude that electrostatic interactions only had a moderate influence in both cases.
The adsorption of Hg(II) followed first-order kinetics with an adsorption rate constant of ca. 2 × 10 -2 min -1 as determined from an application of the Lagergren equation to the experimental data. This value was relatively high for this type of adsorption process.
The equilibrium isotherms could be better described by the Langmuir model. Experimental data fitting by this model led to maximum adsorption capacities (Q 0 values) of 361.0 mg/g for the adsorption of HgCl 2 onto fibre K, and 142.2 mg/g and 300.3 mg/g for the adsorption of [HgCl 4 ] 2and Hg 2+ onto fibre K AC . These values compare quite well with other results published for this system. Hence, fibre K appeared to the best for the adsorption of HgCl 2 , whereas fibre K AC was best for the adsorption of [HgCl 4 ] 2and Hg 2+ species. In general, Hg(II) species may be removed from aqueous solutions according to the order HgCl 2 > Hg 2+ > [HgCl 4 ] 2-.
Studies of the influence of pH on the Hg(II) adsorption process showed that the adsorption of [HgCl 4 ] 2and HgCl 2 was independent of the solution pH between 3 and 10. However, the adsorption of Hg 2+ exhibited a different behaviour with some dependence on the solution pH.
